A three-dimensional model coupling physical and biological processes for the whole Thau lagoon (Mediterranean coast of France) was developed in order to assess the relationships between macrophytes and the oxygen and nitrogen cycles. Ten species have been inserted as forcing variables in the model. Plankton dynamics, shellfish cultivation impact and mineralization of organic matter are also considered, as well as nutrient and oxygen exchanges between the sediment and the water column.
Introduction
In shallow coastal ecosystems, macrophytes account for high biomasses and productivity (Sand-Jensen, 1975 , Short, 1987 , Knoppers, 1994 , Viaroli et al., 1996 , sustain the food chain (Newel, 1982 , Grias, 1992 , Gerbal and Verlaque, 1995 , and control the nearshore nutrient cycles (Sfriso et al., 1989 , Ménesguen, 1992 , Carreira et al., 1994 , Ménesguen and Piriou, 1995 , Touchette and Burkholder, 2000 .
The shallow Thau lagoon is 15 km long, 5 km wide and on average 4 m deep. It is located on the French Mediterranean coast (figure 1) and is sheltered with two narrow sea mouths. The catchment area is small (280 km²) and drained by numerous small streams with intermittent flows. The climate imposes a wide range of water temperatures and salinities with minima of 5°C in February and salinity near 27, and maxima of 29°C in August and a salinity of 40. Precipitation also shows large interannual variation (from 200 to 1000 mm per year).
Wind is often strong with a mean of 118.5 days per year above Beaufort force 5 (data from Météo-France), particularly when it is blowing from the Northwest (the so called « Tramontane »). Both play an important role in the lagoon hydrodynamics (Lazure 1992) .
Besides its ecological interest as a recruitment zone for some sea fish species, the lagoon is of notable economic importance due to shellfish cultivation (about 15 000 tons per year, amongst the highest in the Mediterranean Sea). The Thau lagoon frequently undergoes, in summer, anoxia that can lead to important economic losses. For example in august 1997, nearly one third of the annual oyster annual production was lost.
During the last fifteen years, the Thau lagoon has been extensively studied, with investigations of the exchange between the water column and sediments, the oysters farming activities, the impact of the watershed and interactions with the Mediterranean sea (Amanieu et al., 1989 , Pichot et al., 1994 , Deslous-Paoli, 1995 . Various numerical models have been developed, focusing on hydrodynamics (Lazure, 1992) , nitrogen and oxygen cycles (Chapelle, 1995; Chapelle et al., 2001 ), plankton ecosystem (Chapelle et al., 2000) , impact of shellfish farming (Bacher et al., 1997) .
Nonetheless, the macrophyte compartment has not been, until now, included in these models.
The aim of this study is to develop a model that assesses the impact of macrophytes on the nitrogen and oxygen cycles. In order to assess the macrophyte impact on the biogeochemical cycles at a small spatial scale and to cope with the water column vertical heterogeneity (phytoplankton is distributed within the water column while macrophytes are on the bottom, in contact with the sediment), it was decided to use a three-dimensional model.
Materials and methods

Model description
The macrophyte model has been developed and coupled with the three-dimensional hydrodynamical-biological model of the Thau lagoon (Lazure, 1992 , Chapelle et al., 2001 ).
The hydrodynamical model solves three-dimensional equations under the classical hydrostatic, heat and salt conservation hypothesis (Lazure, 1992) . The model considers ten strata of different thickness (depending on depth) along the vertical, and 400 m regular squared meshes on the horizontal scale. The bathymetric maps of the SHOM ("Service Hydrographique de la Marine Nationale") were used and water exchange with the Mediterranean Sea (Sète canals) was taken into account. Figure 2 gives the general conceptual diagram of the biological model. For this study, the classification of phytoplankton and zooplankton variables into two size classes, as carried out by Chapelle et al. (2000) , was not necessary as plankton dynamics was not the aim of this study. Therefore, in order to simplify the model, we reduced the number of state variables, grouping pico-nanophytoplankton with microphytoplankton on one hand and microzooplankton with mezozooplankton on the other. Seven state variables were considered: ammonia, nitrates, phytoplankton, zooplankton, detritus, oyster biodeposits and oxygen. The model is based on nitrogen since it has been found to be the limiting nutrient in the Thau lagoon . Dissolved oxygen has also been considered in order to simulate photosynthesis, respiration and mineralization processes. Forcing variables are nitrogen inputs from watershed, light, water temperature, wind, oyster farming and macrophyte community. Table 1 presents all equations and parameters differing from Chapelle et al. (2000) due to the simplification of plankton food web. All other equations and parameters linked to detritus mineralization, nitrogen nitrification and denitrification as well as oysters filtration and excretion remained unchanged, please refer to Chapelle et al. (2000) for a detailed description.
Macrophyte communities:
Several studies on the Thau lagoon flora have already been performed and allow a good description of macrophyte communities. Total macrophyte biomass was estimated as 10 073 ± 2006 tons dry weight in autumn 1986 (Gerbal, 1994; Gerbal and Verlaque, 1995) and, until now, a total of 196 different macroalgae taxa has been recorded (Verlaque, 2001 ).
During May and June 1998, within the framework of the French National Program for Coastal Environment (PNEC), a re-evaluation of the macrophyte community (distribution and biomass) was carried out in the Thau lagoon. Sampled stations are reported on Figure 1 . The campaign results have been used as a basis for the model. In order not to give too much importance to species with very low biomasses, we only kept in the model species with biomasses higher than one percent of the total macrophyte biomass. Following this criterion, ten species, accounting for 93 % of total biomass, were selected ( Table 2 ). The biomass data were processed with a Correspondence Analysis (CA) in order to represent the spatial structure of the macrophyte community and identify areas with a homogeneous macrophyte association. All statistical analyses were performed with S-PLUS 4 software (Splus, 1997) , using no-transformed data. In summary seven zones were identified (Figure 3 ): ◊ Zone 1 is the west extremity of the Thau lagoon, including the shellfish area C. Hi, Rt and Zm are the dominant species. This zone accounts for 38 % of the total fresh biomass of the lagoon.
◊ Zone 2 includes stations 1.1, 2.1 and 3.1. This zone is shallow with a monospecific seagrass meadow (Zn).
◊ Zone 3 includes the entire shellfish area B and the north border up to the village of Mèze.
The macrophyte community is considered monospecific with Zm accounting for 91 % of the total biomass of this zone.
◊ Zone 4 is located all along the narrow sandy strand which separates the lagoon from the Mediterranean Sea (the Lido). This sector is covered by mixed seagrass meadows (Zm 20 % and Zn 80 %).
◊ Zone 5 has the highest specific diversity. Four dominant species Gc, Gc, Gl and Cl, accounting for 80 % of the total biomass of this area were selected.
◊ Zone 6, located near Sète, is characterised by Gc, Gl and the two opportunistic Ulvaceans Ur and Mo. These four species account for 90 % of the biomass of this sector.
◊ The central deeper zone 7 (depth > 7 m) is macrophyte free and dominated by phytoplankton.
The initial biomasses assigned to each model mesh were obtained from the zonation of the lagoon (Table 3 , and Figure 3) . A fixed height for each species was empirically defined in order to distribute the biomass in the vertical plan. Furthermore, with the aim of taking into account the sediment processes, an additional layer (20 cm deep) has been added on the bottom. Then, for each mesh containing phanerogams, a belowground biomass has been assigned to the sediment layer. This biomass equals 80 % of aboveground biomass for Zostera marina and 50 % for Zostera noltii (Plus, 2001 ).
Since the measurement campaign was performed during summer, measured biomass was taken as annual peak, and winter biomass was considered to be about 50 % of the summer maximum (Gerbal, 1994) . A sinusoidal was obtained by fitting those measured data, and used to calculate the biomass as a function of time: winter minimum in January and summer maximum, 12 039 tons dry weight, in July.
Macrophyte photosynthesis:
The tangential hyperbolic P/I curve from Jassby and Platt (1976) was used to simulate macrophyte photosynthesis. The gross production rate (GP, gO 2 .gDW -1 .d -1 ) was then calculated using equation (1):
with Pmax, the maximum production rate (gO 2 .gDW -1 .d -1 ), Iz the incoming light at depth z (m) and I k , the saturation light coefficient (μmol photons.m -2 .s -1 ). Parameters Pmax, dependent on temperature, and Ik, annual mean, are presented in Table 4 and come from polarographic measurements (see methods in Henley et al., 1991 and Simon et al., 1999) performed on macrophytes sampled in the Thau lagoon (courtesy by Auby and Levavasseur).
When parameters could not be obtained (Gl and Rt), the relationship found for similar algae species was applied. For instance, the I k value and P max equation for Gl and Rt were taken from Gc and Hi respectively. I z was calculated according to a classical Beer-Lambert exponential attenuation function of the incident light at the water surface. The macrophyte gross production (GP mac , gO 2 .m -3 .d -1 ) was derived from equation (1), according to the following equation:
where B is the macrophyte biomass (gDW.m -3 ) and lim(N), the effect of nitrogen (dimensionless) on production. In order to lower primary production when nitrogen concentrations are low, a limitation function based on nitrogen was added to the production calculation. The Wroblewski (1980) formula (equation 3 to 5) was chosen to take also into account the preference of macrophytes for ammonium or nitrate (Iizumi and Hattori, 1982 , Thursby and Harlin, 1982 , Short and Mc Roy, 1984 . In addition, a second nitrogen limitation function was calculated for seagrasses, considering the nitrogen uptake from sediment. This nitrogen limiting function is based only on ammonium concentration, since reducing conditions keep nitrate at very low concentrations in the sediment (Chapelle, 1995) . In summary:
1) for all macroalgae species (Hi, Rt, Gc, Gd, Gl, Cl, Ur and Mo) : Coffaro and Bocci, 1997) and Ψ is the saturation factor for nitrate (1.5 Wroblewski, 1977) .
2) for the two seagrass species (Zn and Zm): Madden and Kemp, 1996) .
Macrophyte respiration:
Macrophyte respiration is classically computed as a function of temperature (Eppley, 1972 , Ménesguen and Salomon, 1987 , Duarte and Ferreira, 1997 . We also considered unpublished data by Auby and Levavasseur. Table 5 presents the calculated parameters. Zimmerman et al. (1987) have shown that the frequent sediment anoxia allows respiration of seagrass roots and rhizomes only during daylight, photosynthesis providing sufficient oxygen to belowground organs. Consequently, in the model belowground respiration has been allowed only when GP is higher than the whole plant respiration (leaves plus rhizomes and roots). Belowground respiration will then be added to the leaf respiration calculated for the mesh in contact with sediment.
Furthermore, respiration rates of several algal species decrease when the concentration of dissolved oxygen is low (Dromgoole, 1978 , Plus, 2001 . A limitation function for the respiration has been therefore added to the model. The calculation of macrophyte respiration
where O 2 is the concentration of dissolved oxygen in the water (gO 2 .m -3 ) and is the half-
The effect of macrophytes on nitrogen (uptake) and detritus (mortality) depends on production and respiration processes. Macrophyte production was transformed into nitrogen uptake according to equations (11) and (12). GP mac was converted in fixed carbon using the photosynthetic quotient PQ=1.1 (oxygen moles produced per mole of fixed carbon). The PQ was obtained as the average of the PQs of Ryther (1956) , Buesa (1980) and Rosenberg et al. (1995) . The quantity of fixed carbon is converted into nitrogen uptake using the mean C:N ratios of each species (Table 6 ). The total nitrogen uptake is then transformed in ammonium and nitrate uptake considering the concentrations of ammonium and nitrate in the water column: Seagrasses, which are well adapted to poor nutrient environments have internal processes of nitrogen redistribution, from belowground parts to leaves and vice versa, and reclamation, from old to young tissues, (Zimmerman et al., 1987 , Hemminga et al., 1991 , Pedersen and Borum, 1992 . Pedersen and Borum (1993) 
have estimated that for
Zostera marina the contribution of internal recycling accounts for nearly 30 % of the annual nitrogen requirement. In this model, nitrogen uptake of the two seagrass species was therefore calculated as the 70 % of the production; whilst it was considered as being 100 % for all macroalgal species. (table 7) . Seasonal variations will thus only derive from varying river flow. When river flow measurements were not available (from July to December 1996), data were calculated using precipitation data following the same method as in Chapelle et al. (2000) .
Two sets of one-month simulations, referring to the winter (January) and summer (June) conditions, were run and the results compared with experimental data. Furthermore, in order to estimate the annual macrophyte total production, the model has been run for a oneyear period. In order to test the sensitivity of the phytoplankton production to the macrophyte biomass, two further runs were performed with +10 % and -10 % modifications applied on the 'standard' macrophyte biomasses defined in Table 3 .
Results and discussion
Water column: winter simulation
During January 1996 the water column was completely mixed due to high wind intensity. In the water column, both simulated temperature and salinity were homogeneous as shown in the T-S diagram Figure 5 . Such profile pattern is usually described in the Thau lagoon excepted after long period of calm winds (Lazure, 1992) . Simulated values are similar to mean winter salinity and temperature data: 8ºC and salinity 30 (Deslous-Paoli and Vaquer, 1995, Gasc, 1997 ).
In the centre of the lagoon, oxygen concentrations remain rather high, probably due to the phytoplankton production and water mixing by wind. In the macrophyte free water (Mac   -) oxygen saturation ranges between 70 and 105 % whilst in the macrophyte zones (Mac+)
oxygen saturation is about 50 % ( Figure 6A ). Macrophyte respiration and mineralization of organic matter are responsible for this higher oxygen consumption. However, simulated oxygen concentrations are in the range of data measured during the winter period: 50-135% of saturation according to Deslous-Paoli and Vaquer (1995) and Gasc (1997) .
Nitrogen distribution is influenced by riverine inputs in the north and north-east parts of the lagoon and by the shellfish farming. This zonation of the lagoon is well described by the model outputs with ammonium concentrations ranging between 1.5 and 4 mmol.m -3 in the northern area, and less than 1.5 mmol.m -3 in the southern zone ( Figure 6B ). In the northern area the simulation Mac + shows that macrophytes account for a decrease of about 33 % of the ammonium concentrations. In the southern parts of the lagoon, the rhizophytes seem to have a smaller influence on the water column nutrient concentrations. This pattern can be explained by the ecophysiology of seagrasses, which preferentially take up sedimentary nitrogen. In the Sète basin high ammonium concentrations are associated with high biomasses of nitrophilous opportunistic seaweeds such as Ulva rigida and Monostroma obscurum . At the lagoon scale, simulated ammonium concentrations are in the range 2-4 mmol.m -3 reported for the winter period , Amanieu et al, 1989 , Gasc, 1997 . . The method applied to calculate the mortality of macrophytes, using a constant C:N ratio averaged on a yearly basis, could explain these low values. In the model we employ a constant C:N ratio, however in the winter period the C:N ratio could be higher since internal nitrogen pool is higher due to the nitrogen availability in the water column.
Simulated phytoplankton biomass is less affected by the introduction of macrophytes than the other variables. The biomasses ( Figure 7B ) range between 2 and 12 mmolN.m -3 , with an average of 5.6 ± 2 mmolN.m -3 , which corresponds to about 5.6 µg Chl.l -1 using a chlorophyll a/N ratio of 1g.mol -1 (Eppley et al., 1971) . These values are in accordance with data reported in the literature for the Thau lagoon in the winter period: 0.2 -4 µg Chl.l -1
(Deslous Paoli and Vaquer, 1995) and 1.3 -7.3 µg Chl.l -1 . The impact of the bivalves' filtration on the phytoplankton can be seen, reducing the biomass in the farming zone to 2 µg Chl.l -1 .
Summer simulations
As in winter 1996, the winds that blew in June were sufficient to prevent the formation of stratification in the lagoon ( Figure 5 ).
Simulated oxygen concentrations are lower than in winter due to faster mineralization processes and lower solubility in warm waters. The introduction of macrophyte populations changes significantly the dissolved oxygen distribution in the Thau lagoon ( Figure 8A ). The organic dead material accumulation coupled with higher oxygen consumption due to high summer temperature lead to the appearance of three under-saturated areas: the first in the western extremity of the lagoon including shellfish zone C, where highest macrophyte biomasses are located, and the second and third areas are the oriental part of the lagoon, the shellfish zone A and the Sète basin. Oxygen concentrations fall to about 20 % of the saturation (1.5 mg.l -1 ) in the West and to 7 % of the saturation (0.5 mg.l -1 ) in the East.
Influence of marine waters can be observed close to the Sète canals, where concentrations remain at higher levels (7 mg.l -1 ). Simulations show that oxygen concentrations not only depend on in situ biogeochemical processes, but also on the currents. Such a hydrodynamical influence can be observed for example in the East where some oxygen poor water is transported towards the shellfish farming zone A. The centre and the south of the lagoon exhibit higher concentrations, ranging between 5.5 and 7.5 mg.l -1 .
Contrary to the winter period, the insertion of macrophytes in the model does not lead to a decrease in ammonium concentrations, but increases concentrations in most sectors Pichot et al. (1994) , Gasc (1997) and Souchu et al. (1998) .
Sediment compartment
Simulation results, as well as some data from the literature are presented in table 8. (1998) or Laugier et al. (1999) . This under estimation may be due to the fact that the model only considers the fraction of organic matter available for mineralization processes and not the refractory organic matter, while measurements include both forms.
Oxygen concentrations in interstitial waters do not show any differences whether the macrophytes are present in the model or not. Simulations show a complete absence of oxygen in sediment whatever the period. This pattern is not surprising if we consider that measurements have shown that oxygen completely disappears below a few millimetres in Thau lagoon sediments (Chapelle, 1995 , Mazouni, 1995 .
Assessment of the annual macrophyte production at the whole lagoon scale
The simulated macrophyte annual gross production is 27 300 tons of carbon, which corresponds to 1 680 tons of nitrogen (Table 9 ). This value is 2.5 fold less than the simulated phytoplankton annual gross production in terms of nitrogen (about 4 300 tons N.y -1 ). The latter value is close to that estimated by Chapelle et al. (2000) for the phytoplankton, namely 3 570 t N.y -1 . Such a difference between macrophyte and phytoplankton production can be explained by the relative important depth of the Thau lagoon, which implies that about one third of the lagoon bottom is absolutely devoid of macrophytes (Gerbal, 1994) . Furthermore, macrophytes have little influence on the annual phytoplankton production, with changes of -2.4 % and +0.2 % when applying respectively -10 % and +10 % to the macrophyte biomass.
When compared to other temperate lagoons (Table 10) , the results obtained stress the high productivity of the Thau lagoon. Indeed, the model calculates phytoplankton and macrophyte productions higher than in other lagoons such as Lake Grevelingen (North Sea), the Bassin d'Arcachon (Atlantic), or the central part of the Venice lagoon (Adriatic).
Arcachon and Venice can be opposed to Grevelingen and Thau regarding both nitrogen inputs and the water residence time and those characteristics have probably a direct impact on the lagoons biogeochemistry and on the balance between new and regenerated productions. Since the nitrogen inputs in the Thau lagoon are small when compared to these lagoons, and the water residence time is long, this high productivity is probably supported by an important level of internal nutrient regeneration, confirming the results from Chapelle et al. (2000) .
However, these preliminary results have to be considered with care as the model is not fully validated and production for all compartments (phytoplankton, microphytobenthos, and macrophytes) has not been estimated for all lagoons.
Conclusion
Macrophytes have a considerable impact in the Thau lagoon ecosystem functioning.
From simulated results, the main effects are on the biogeochemical cycles (oxygen, ammonium, nitrates and detritus) rather than on trophic relationships, because of the lower impacts on the phytoplankton compartment.
The inclusion of macrophyte in the model leads to a strong small-scale spatial structuring. This spatial pattern forms an east-west gradient particularly obvious for oxygen and organic detrital nitrogen variables. Furthermore, this gradient, already noted by Gerbal (1994) and Gerbal and Verlaque (1995) , is combined with another gradient (north-south)
caused by the watershed inputs and the shellfish cultivation zones (Deslous-Paoli et al.,
1998): higher nutrient concentrations, fine sediments with high organic load in the north and more oligotrophic conditions with sandy sediment in the south.
Both extremities (East-West) of the lagoon are characterised by high quantities of organic material which during summer can lead to oxygen depletion. Thus, these sectors can be considered as areas where risks of anoxic crisis are higher. Tournier et al. (1990) , have already stressed that the shellfish farming zones show higher anoxia risks, particularly zone A. We demonstrated that also zone C can be potentially at risk. Nonetheless, the oriental part of the lagoon near the town of Sète has never been considered an area having an important risk of anoxia (Deslous-Paoli, personal communication). An underestimation of the consequence of marine oxygenated water entering into the lagoon through Sète canals, could explain such a discrepancy.
During rainy events (principally in autumn and winter), nutrient inputs from the watershed support the uptake of macrophytes and phytoplankton, while during dry periods mineralization processes become dominant, thus allowing a primary production based mostly on nutrient regeneration. Macrophyte represent a quite important nitrogen stock (about 170 tons according to Gerbal, 1994) Chapelle et al. (2000) ; 3, Collos et al. (1997); 4, Wroblewski (1977); 5, Ivlev (1955); 6, Conover (1966); 7, Wen and Peters (1994) . ; φpk respiration:
with B φ = φpk biomass zpk growth: ; zpk faeces:
; zpk mortality:
zpk excretion:
; zpk respiration: Hi 50 Auby et al. (1993) , (2) Nienhuis and De Bree (1980) and Vegter and De Vissher (1984) , in Auby (1991) , (3) present study, Auby et al. (1994) , (5) Nienhuis (1992) , (6) Rigollet et al. (1998) , Coffaro and Bocci (1997) , (8) Sfriso and Marcomini (1996) , (9) Anonymous (1997) , (10) only Z. marina, Rismondo et al. (1995) , (11) estimated only for the central part of the lagoon (85 km 2 ) by Sfriso et al. (1989) . Table 2 . lations are presented for bottom waters in A and for surface waters in B.
